Hypermethylation of the gene regulatory regions is documented for many cancer diseases. Such an aberrant DNA methylation in cancer cells is catalyzed by DNA methyltransferases Dnmt3a and Dnmt3b, which predominantly recognize and methylate RCGY sequences with formation of R(5mC)GY sites. Recently, based on a new methyl-directed DNA endonuclease GlaI, we developed a GLAD-PCR assay, which allows determining R(5mC)GY site in a defi ned position of the genomic DNA. In this work we applied GLAD-PCR assay for identifi cation of the methylated RCGY sites in the regulatory regions of some downregulated genes associated with colorectal cancer (CRC). This list includes ADHFE1,
Introduction
Colorectal cancer (CRC) is one of the major malignancies leading to a high incidence of cancer death worldwide [1, 2] . However, early disease detection signifi cantly decreases CRC-related mortality [3] . Nowadays, the detection of epigenetic biomarkers is one of the most promising diagnostic and prognostic tools [4] . It is well known that hypermethylation of CpG-islands in regulatory regions of promoter and/or fi rst exon in a variety of genes oft en occurs at early stages of sporadic carcinogenesis. Th is leads to downregulation of the genes expression in tumor cells, whereas in a healthy tissue the corresponding genes remain to be active [5] . In particular, such an aberrant methylation had been reported for about fi ft y genes in tumor tissues, blood and stool samples from CRC patients [4, [6] [7] [8] [9] [10] [11] .
In mammals, de novo DNA methylation, including abnormal hypermethylation in cancer cells, is performed by DNA methyltransferases Dnmt3a and Dnmt3b, which predominantly recognize RCGY site and modify internal CG-dinucleotide to form 5'-R(5mC)GY-3'/3'-YG(5mC) R-5' sequence [12] . Subsequently, such a de novo methylation events are maintained during DNA replication by DNA methyltransferase Dnmt1 [13] . Meanwhile, recently discovered and characterized methyl-directed site-specifi c DNA endonuclease GlaI recognizes and cleaves DNA sequence R(5mC)↓GY as indicated by the arrow with formation of blunt ends [14] . Due to this unique substrate specifi city, GlaI is a convenient tool for identifi cation of de novo methylated sites in the human and mammalian DNA. On the basis of this enzyme, we developed a GLAD-PCR assay (GlaI hydrolysis and Ligation Adapter Dependent PCR) allowing quick and inexpensive estimation of 5'-R(5mC)GY-3' sequence in a defi nite position of human genome without bisulfi te DNA conversion [15] . Briefl y, GLAD-PCR assay is carried out in three steps. At the fi rst step, GlaI cleaves R(5mC)GY sites in genomic DNA. Th en the obtained DNA fragments are ligated with the unique oligonucleotide adapter. Th e last step is a PCR with TaqMan probe and a genomic primer, which are complementary to target DNA fragment, and a so-called hybrid primer, which is complementary to the adapter and partially to the genomic sequence at the cleavage point of the site of interest. As a result, despite the presence of a huge number of diff erent DNA fragments obtained aft er GlaI hydrolysis and a ligation step, PCR takes place specifi cally from the target region of DNA.
Recently we applied this new assay to determine the methylated RCGY sites in the promoter region of ESR1 gene and the fi rst exon region of ELMO1 gene in tumor tissues from CRC patients [16] . In the present study we expand our research on a larger number of DNA samples and CRC-associated, epigenetically downregulated genes in order to identify in human genome RCGY sites with the most prognostic potential.
Materials and Methods

Patients and samples
Th e study group included twenty-one CRC patients (8 male and 13 female) who had undergone surgery between September 2014 and August 2015. Th e age of patients was from 46 to 82 years. Fift een patients had CRC without distant metastases (stage I to III), while the other six had metastatic stage IV disease. A total of thirty freshfrozen surgical resection samples were studied, including colorectal adenocarcinomas of varying degree of diff erentiation (n 5 21) and several paired normal colon mucosa controls (n 5 9). Th e samples were collected at the Seversk Biophysical Research Centre (Seversk, Russia). All participating patients voluntarily joined this study with the written informed consent to have their biologic specimens to be analyzed, and the work had been approved by the Ethical Committee of the Seversk Biophysical Research Centre, consistent with the WMA Declaration of Helsinki. A colorectal adenocarcinoma GLAD-PCR Assay of DNA Methylation Markers Associated with Colorectal Cancer cell line SW837 was obtained from SRC VB "Vector, " Novosibirsk, Russia.
DNA isolation
Samples of SW837 cells, fresh tumor and normal mucosa tissues were stored at -208C until processing. The samples were ground in liquid nitrogen and DNA preparations were isolated by standard phenolchloroform method [17] . Nucleic acid concentrations were estimated by UV spectrophotometry using NanoVue Plus (GE Healthcare, UK).
Selection of genes and RCGY sites for GLAD-PCR assay
We carried out a literature search of epigenetically downregulated genes involved in colorectal carcinogenesis. The selection criterion was a different methylation of the gene regulation regions in CRC tissues or cell lines and noncancerous controls. In addition the findings of ENCODE/HudsonAlpha project (https://www.encodeproject.org) [18] rendered by UCSC Genome Browser (http://genome-euro.ucsc.edu) were taken into consideration. The main criterion of RCGY sites choice was a rather long distance (50 bases or more) between the two RCGY sites to place a genomic primer and TagMan probe herein.
Primers, probes, and oligonucleotide adapter
To design the primer and probe, we used the GenBank database, Vector NTI 11.5 software (Invitrogen, USA), and NCBI BLAST resource (http://blast.ncbi.nlm.nih.gov). The sequences were calculated to allow uniform PCR conditions with an annealing temperature of 618C. A list of primers and probes is provided in Table 1 . The primers are indicated "g" (direct genomic primer) and "r" (reversed genomic primer) and serve to monitor a successful PCR amplification of target regulatory region and for normalization of tissue DNA concentration. In GLAD-PCR assay experiments, a reversed genomic primer was replaced by a "hybrid" primer, which corresponds to the methylated RCGY site in the studied DNA region. In detail, the determination of hybrid primers for GLAD-PCR assay is described in the Results section. As an adapter we used oligonucleotide duplex 5'-CCTGCTCTTTCATCG-3'/3'-pGGACGAGAAAGTAGCp-5', where "p" means phosphate. 
GLAD-PCR assay protocol
Statistical analysis
The statistical analysis of results of GLAD-PCR assay was performed with the MedCalc 15.11 software (MedCalc Software, Ostend, Belgium). According to the quantification cycle (Cq) values obtained for each studied R(5mC)GY site, receiver operating characteristic (ROC) curves with 95% confidence interval (CI) were determined to assess the assay sensitivity and specificity with an area under the ROC curve (AUC) being estimated nonparametrically [19] . The optimal cutoff value was used to establish the marker methylation status (positive or negative).
Results
Selection of RCGY sites and corresponding hybrid primers for GLAD-PCR assay
In the first part of the work, we carried out a literature search of epigenetically downregulated genes involved in colorectal carcinogenesis. For the present study, we chose well-known genes, 6 mM ß-mercaptoethanol, 0.5 mM ATP, 0.5 µM adapter oligonucleotide duplex, 0.04 U/µL GlaI endonuclease, and 33 U/µl T4 DNA ligase. Three nanograms of the tissue DNA or fifteen nanograms of SW837 DNA were used as the template. The reaction was conducted in 30 µl at 258C for 1 h followed by inactivation of enzymes at 658C for 20 min. Further the following components were added to the final concentration: 13 GLAD-PCR buffer, 13 Stabilizer, 0.2 mM of each of dNTPs, the mixture of genomic primer, hybrid primer and probe at 0.4 µM concentration of each, and 0.05 U/µL Hot Start Taq DNA polymerase. The hybrid primers, selected experimentally for each gene, are listed in Table 2 . Real-time PCR was performed using the CXF-96 detection system (Bio-Rad Laboratories, Hercules, USA) in a final volume of 20 µl under the following conditions: preheating at 958C for 3 min, then 5 cycles at 958C for 10 s, 618C for 15 s, 728C for 20 s without detection followed by the another 50 cycles with detection of FAM fluorescence during the annealing step at 618C. All the GLAD-PCR reactions were performed in triplicates. An example of determination of the methylated site in the regulation region of FBN1 gene is given in Figure 1 . In case of FBN1 gene, we studied four parts of its regulation region presented in Figure 1a , and they are indicated as FBN1 (1), FBN1 (2) , FBN1 (3.3) , and FBN1(3.1). In the first three parts, a genomic primer is located before TaqMan probe, whereas in case of FBN1(3.1), a genomic primer and TaqMan probe lie in opposite direction. In the FBN1(3.1) region we have studied three RCGY sites closest to the probe annealing sequence: two GCGC sites and one ACGC site (Figure 1a) . Figure 1b shows the result of GLAD-PCR assay of FBN1(3.1) regulation region and demonstrates that site GCGC in position 48645483 is methylated whereas sites GCGC and ACGC in positions 48645488 and 48645494, respectively, are not methylated. The results of the methylated site determination in all 26 studied regulation regions are presented in Table 2 . As it follows from [20, 21] . Less studied putative CRC biomarkers, such as CNRIP1 [22] , ADHFE1 [23] , UCHL1, ELMO1 [24] , LAMA1 [25] , and SOX17 [26] , were also examined. Three genes were selected on the basis of the recent genome-wide studies (SOCS3, RYR2 [11] , and EID3 [27] ). Finally we also analyzed the genes for retinoid receptors RARB and RXRG, which were found to be methylated in many types of cancer [28] . A list of the names and function of the studied genes, their chromosomal location and structure of probe, direct and reverse primers for PCR study of regulation regions is provided in Table 1 .
At the second step we conducted screening of RCGY sites within the studied regulatory regions of genes in order to select the methylated sites for further GLAD-PCR analysis of clinical samples. To find these sites, we used the DNA preparation from colorectal adenocarcinoma cell line SW837. The screening was performed by the GLAD-PCR assay with hybrid primers corresponding to the RCGY sites located within ~200 bp distance from the probe position. A general DNA structure of hybrid primer is 5'-CCTGCTCTTTCATCGGYNN-3' , where first 15 bases are complementary to the oligonucleotide adapter, whereas the underlined tetranucleotide is complementary to the genome sequence at GlaI cleavage point. This sequence corresponds to 32 possible variants of the hybrid primer depending on the structure of the blunt ends obtained after GlaI hydrolysis of sequence 5'-NNR(5mC)↓GY-3' . Site locations are given in accordance with the recent human genome assembly GRCh38/hg38; b 3'-terminal tetranucleotide sequence of hybrid primer, which is complemented to the genomic sequence at the point of GlaI hydrolysis, is underlined. normal colon mucosa samples were studied by GLAD-PCR assay using primers and TaqMan probes listed in Tables 1 and 2 . Figure 2 (Figure 3 ) to assess the assay sensitivity and specificity under the optimal cutoff values as well as an area under the ROC curve (AUC) with 95% CI. The results of ROC analysis of data are summarized in Table 3 , where AUC presents the overall accuracy of the individual markers for distinguishing colorectal cancer from normal mucosa. The order of diagnostic performance for better markers (AUC  0.8) looks as follows:
Discussion
Earlier we used GLAD-PCR assay for DNA methylation study of regulation regions of ELMO1 and ESR1 genes in tumor tissues from CRC patients [16] . GLAD-PCR assay provides several advantages in comparison to the existing methods of locus-specific methylation analysis. GLAD-PCR assay is not based on DNA bisulfite treatment, which causes serious DNA degradation (up to 90% [29] ). And this DNA damage may be especially important for currently developing diagnostic techniques, which use small amounts of free-circulating blood DNA for analysis. The unique degenerate recognition site of GlaI R(5mC)GY is more abundant in the human genome in comparison to the recognition sites of restriction enzymes used in epigenetic studies, such as HpaII, MspI, SmaI, and XmaI. Thus, GlaI usage allows to cover the putative methylation positions and to analyze sites that are not tested with other DNA endonucleases. A specificity of GLAD-PCR assay is rather high because it is based on DNA structure of genomic primer, TaqMan probe, and four complementary nucleotides of "hybrid" primer. A procedure of the sample DNA treatment in GLAD-PCR assay is simple and includes four steps in one tube: DNA cleavage with GlaI followed by heat inactivation, adapter ligation, and real-time PCR.
In this work we applied GLAD-PCR assay for determination of R(5mC)GY sites in regulation regions of 23 CRC-associated genes in order to select sites with the most prognostic potential. GLAD-PCR assay of DNA from a colorectal adenocarcinoma cell line SW837 was used to reveal R(5mC)GY sites in a studied part of regulation region of 23 genes. In case of FBN1 regulation region, we studied four parts of regulation region indicated as FBN1(1), FBN1(2), FBN1(3.3), and  FBN1(3.1) . In each studied DNA region, we revealed one methylated site, whereas other RCGY sites were not methylated or significantly less
GLAD-PCR assay of selected RCGY sites in the clinical samples
DNAs isolated from the tissue samples (n 5 21) of colorectal adenocarcinomas of varying degree of differentiation and nine paired Table 3 Gene (region) 
Conclusion
In this study we applied a new GLAD-PCR assay to identify aberrantly methylated RCGY sites in a number of downregulated genes in the tissue DNA samples of CRC patients. The analysis of the methylation status of RCGY sites demonstrated good prognostic potential with relatively high sensitivity and specificity of CRC detection in the tissue DNAs. We believe that the selected RCGY sites may be used in GLAD-PCR assay of CRC determination in case of noninvasive blood and stool DNA analysis. Figure 1a) , there is one methylated site G(5mC)GC in position 48645483, whereas other four RCGY sites (two RCGY sites upstream and two RCGY sites downstream this location) are not methylated.
At the next step, we performed GLAD-PCR assay of DNA preparations from 21 tumor tissues samples and 9 paired tissue samples from normal colon mucosa studying the abovementioned 26 DNA regions. The Cq data obtained for all studied DNA samples are shown in Figure 2 . In all studied regulation regions, we see the methylated target sites in most of the tumor DNA samples. Comparing the obtained Cq data, we can see that FBN1 (3.3) and FBN1(3.1) regulation regions give a similar pattern of selected RCGY site methylation in all 30 studied DNA samples. This coincidence corresponds to GLAD-PCR assay of two DNA regions but the same RCGY site located in position 48645483 of 15th chromosome. ROC curves and calculated AUC values are also identical for both regions ( Figure 3 and Table 3 ).
We compared the data obtained in our study and published earlier.
In most cases the results of our analysis confirm the high levels of methylation for many well-studied genes in CRC. All investigated genes with the highest AUC values also have shown sensitivity higher than 60% and specificity higher than 80% in the published literature. The sensitivity/specificity values for FBN1 and CNRIP1 biomarkers were determined as 79/99 and 94/95, correspondingly, in the study of DNA methylation in tumor and adjacent tissue samples [22] . Other tissuebased studies of ADHFE1, SDC2, and UCHL1 methylation showed values of 82/92 [23] , 75/83 [8] , and 60/100 [24] . VIM gene methylation frequency was determined using DNA from stool and blood samples of CRC patients and healthy donors. In this case the sensitivity/ specificity values were 73/87 [30] and 59/93 [31] , correspondingly. SEPT9 methylation is considered to be one of the most promising CRC biomarkers, so it was investigated in a number of works. For example, the cancer tissue DNA study resulted in 87/100 sensitivity/specificity values [8] . The changes in SEPT9 methylation in blood samples of CRC patients compared to healthy donors were also significant and sensitivity/specificity values of 72/90 [32] , 90/89 [33] , 69/86 [34] , and 73/91 [35] were reported earlier. THBD is also frequently methylated in the blood of CRC patients showing 71/80 sensitivity/specificity values [36] .
It should be noted that the difference in sensitivity/specificity values for the same gene in different studies is not a rare case. For example, we can observe such results in literature for SEPT9, ALX4, RASSF1, and some other genes [20, 21] . Probably the variability of the methylation data may be explained by the difference in the methodologies used in the experiments or by samples' selection. So, the experimental data mainly show the tendency and probability of the gene methylation in malignant cells. 
